Abstract. Previously, we reported that auranofin induces apoptosis in SKOV3 cells via regulation of the IKKβ/FOXO3 pathway. In the present study, we reveal that the anticancer activity of auranofin in SKOV3 cells could be enhanced by the attenuation of MUC4 through the regulation of the Her2/Akt/FOXO3 pathway. Compared to the control-siRNA, siRNA transfection against MUC4 into SKOV3 cells accelerated the protein degradation of Her2. Under the same conditions, the expression level of phosphorylated Akt was also downregulated leading to an increase of FOXO3 in the nucleus. Notably, auranofin treatment in SKOV3 cells also resulted in the downregulation of the expression levels of both Her2 and phosphorylated Akt. Thus, Her2 was identified as the common molecular target protein by siRNA transfection against MUC4. Western blot analysis of total and nuclear fraction lysates from SKOV3 cells revealed that attenuation of MUC4 combined with auranofin treatment in SKOV3 cells synergistically activated FOXO3 translocation from the cytoplasm to the nucleus through the regulation of the Her2/Akt/FOXO3 pathway. Attenuation of MUC4 by siRNA transfection potentiated the antitumor effect of auranofin which was examined by performing in vitro assays such as WST-1, cell counting, colony formation, TUNEL and Annexin V staining. In addition, western blot analysis of the apoptosis-related proteins such as PARP1, caspase-3, Bim extra large (EL), Bax and Bcl2 revealed that the attenuation of MUC4 by siRNA transfection potentiates the pro-apoptotic activity of auranofin in SKOV3 cells. Collectively, auranofin could regulate the Her2/Akt/FOXO3 signaling pathway in SKOV3 cells and be used as a potential antitumor agent considering the expression of MUC4 in ovarian cancer patients.
Introduction
Recently, was reported that mucin expression and its glycosylation patterns are altered abnormally in inflammatory, premalignant and malignant conditions (1) (2) (3) (4) (5) (6) . Mucins are known as glycoproteins with O-and N-oligosaccharides and contain multiple tandem repeats of 10-80 amino acid residues (5) . There are two categories of mucins; one type is membrane-bound, and the other is secreted/gel forming. It is well known that MUC1 and MUC4 are the most characterized transmembrane mucins which are significant in cellular physiology. The structure and biochemical composition of these mucins helps them to offer lubrication and hydration to cell surfaces as well as provide protection from pathogens and degradative enzymes (7) . Not only the expression of MUC1 and MUC4, but also the glycosylation pattern is subject to vary
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and it has been demonstrated in studies of several malignant epithelial tumors, such as pancreatic, lung, colon, breast and prostate cancer (3, 5, 8, 9) . Studies on MUC1 and MUC4 revealed that they play pivotal roles in cellular signaling, tumor immune surveillance, tumor growth, metastasis, tumor-stromal cell interactions and chemotherapy resistance (3, 7, 8, 10) . There are a few reagents which have high specificity (e.g. monoclonal antibodies) which can even recognize modified glycoforms available, suggesting that mucins can be useful targets enabling the detection of malignant epithelial tumors at an early stage (11, 12) . Studies in malignant ovarian neoplasms provide casual evidence that the expression as well as the localization pattern of MUC1 are modified during their progression, nevertheless, in the case of MUC4, more information is required (13) . In light of the fact that MUC1 and MUC4 participate in the lubrication of cell surfaces and provide protection, it is critical to observe their functions as well as the variation of their expression while malignant ovarian tumors develop and progress.
Her2 is a receptor tyrosine kinase that is a member of the transmembrane epidermal growth factor type II receptor family and is also known as erbB-2/CD340. Her2 overexpression has been recognized as a stable molecular abnormality, driven in several of the most common solid tumors including prostate, cervical, ovarian, breast, lung, endometrial and colon cancer (14) (15) (16) (17) . It has also been proposed that there is a significant connection between Her2 overexpression and a poor prognosis in lymph node-positive/negative patients with breast cancer. Furthermore, it can be a strong marker for the therapy and diagnosis of other solid tumors, e.g. multiple gynecological cancers (18) . Recently, MUC4 was revealed to be involved in the development of ovarian cancer through the stabilization and activation of Her2 (19, 20) . Thus, it may be worth studying the detailed signaling pathways related to the MUC4/Her2 pathway that could be targeted as novel therapeutic options to treat ovarian cancer.
Previously, we identified auranofin, a rheumatoid arthritis therapeutic agent approved by the Food and Drug Administration (FDA), as a FOXO3 activator and revealed that auranofin induces apoptosis in SKOV3 cells via the regulation of the IKKβ/FOXO3 pathway (21) . In the present study, we demonstrated that auranofin regulates Her2 protein expression and that the anticancer activity of auranofin in SKOV3 cells could be enhanced by the attenuation of MUC4 through the regulation of the Her2/Akt/FOXO3 pathway. The present study may be helpful in the selection of a potential antitumor agent considering the expression of MUC4 in ovarian cancer patients.
Materials and methods
Cell lines. SKOV3, OVACAR5, MDA-MB-231 and MDA-MB-361 cells [from the American Tissue Culture Collection (ATCC) Manassas, VA, USA] were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, and 1% streptomycin/penicillin at 37̊C in a humidified incubator containing 5% CO 2 in air.
Antibodies and chemical reagents. Mouse anti-β-actin antibody, dimethyl sulfoxide (DMSO), glycerol, glycine, sodium chloride, Trizma base and Tween-20 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Mouse anti-PARP1, rabbit anti-FOXO3, mouse anti-LaminA/C antibodies and auranofin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-Her3, rabbit anti-Her2, rabbit anti-phospho-FOXO3, rabbit anti-phospho-Akt, rabbit anti-Akt, rabbit anti-caspase-3, rabbit anti-Bax, rabbit antiBim and rabbit anti-Bcl2 antibodies were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA). The rabbit anti-MUC4 antibody was purchased from Abcam (Cambridge, MA). Goat anti-mouse and goat anti-rabbit horseradish peroxidase-conjugated IgG were obtained from Jackson ImmunoResearch (West Grove, PA, USA). ECL Western Blotting Detection Reagents were obtained from GenDEPOT (Barker, TX, USA).
WST-1 cell viability assay.
A 200 µl aliquot of SKOV3 cells (1x10 3 cells in media) was added to each well of a 96-well plate and incubated for 18 h at 37˚C in a humidified incubator containing 5% CO 2 in air. After incubation, control or MUC4-siRNA (Santa Cruz Biotechnology) was transfected followed by the addition of auranofin (0 or 25 nM) into each well for 48 h. After incubation, a 20 µl WST-1 solution was added to each well and the incubation continued for 2 h. The visible absorbance at 560 nm of each well was quantified using a microplate reader.
Cell counting assay. SKOV3 cells (1x10 4 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each dish for 0, 24, 48 and 72 h. Τhe number of cells were assessed daily using a hemocytometer.
Colony formation assay. SKOV3 cells (5x10 2 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each dish for 7 days. Subsequently, the colonies were washed twice with phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde, and stained with 1% crystal violet solution in distilled water.
Western blot analysis. Cells were washed with PBS and lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, pH 8.0) with protease and phosphatase inhibitors. Cell lysates were centrifuged (10,000 x g, 4̊C, 10 min) and the supernatants were separated on 6 or 10% SDS-PAGE and blotted onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were blocked in 3% non-fat dry milk for 1 h at room temperature, and probed with appropriate antibodies. The membranes were then probed with HRP-tagged anti-mouse or anti-rabbit IgG antibodies diluted 1:5,000-1:15,000 in 3% non-fat dry milk for 1 h at room temperature. Chemiluminescence was detected using enhanced ECL.
Cytoplasmic and nuclear protein fractionation. Cells from each condition were trypsinized, centrifuged, washed, re-suspended in a cytoplasmic fractional buffer (10 mM HEPES, pH 8.0, 50 mM NaCl, 500 mM sucrose, 1 mM EDTA, 0.5 mM spermidine, 0.15 mM spermine, 0.2% Triton X-100, 1 mM DTT, 2 µM phenylmethylsulfonyl fluoride (PMSF) and 0.15 U/ml aprotinin, and incubated at 4̊C for 30 min on a rotator. After centrifuging the cell suspension at 10,000 rpm for 30 min at 4̊C, the supernatant was collected for cytoplasmic fractioning. The pellet was washed with washing buffer (10 mM HEPES pH 8.0, 50 mM NaCl, 25% glycerol, 0.1 mM EDTA, 0.5 mM spermidine and 0.15 mM spermine) twice. The remaining pellet was re-suspended with a nuclear fractional buffer (10 mM HEPES pH 8, 350 mM NaCl, 25% glycerol, 0.1 mM EDTA, 0.5 mM spermidine and 0.15 mM spermine) and incubated at 4̊C for 30 min on a rotator. After centrifuging the cell suspension at 13,000 rpm for 30 min at 4̊C, the supernatant was collected for nuclear fractioning. Protein in each fraction was quantified using the Bradford protein determination reagent (Bio-Rad Laboratories) and BSA as a standard.
TUNEL assay. SKOV3 cells (1x10 4 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each dish for 2 h. Then, the cells were fixed with 4% paraformaldehyde solution and permeabilized with Triton X-100 (0.2%). For the TUNEL assay, cellular apoptosis was determined by enzymatic labeling of DNA strand breaks with a TUNEL assay kit (the DeadEnd Fluorometric TUNEL System; Promega, Madison, WI, USA) according to the manufacturer's instructions. Nuclei were stained with 4' ,6-diamidine-2'-phenylindole dihydrochloride (DAPI).
Annexin V staining analysis. The percentage of cells that underwent apoptosis was determined using the FITC Annexin V apoptosis detection kit I (BD Pharmingen, San Diego, CA, USA) with propiodium iodide (PI) according to the manufacturer's instructions. Briefly, SKOV3 cells (1x10 4 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each dish for 2 h. Subsequently, the cells were washed in PBS, trypsinized and resuspended in binding buffer. Then, the cells were aliquoted into 5 ml culture tubes (1x10 5 cells/tube), and incubated in binding buffer containing 5 µl of FITC Annexin V, and 5 µl of PI for 15 min at 25̊C in the dark. The cells were then analyzed using FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA) and the data were analyzed by FlowJo (De Novo Software, Glendale, CA, USA). Ten thousand events were collected in each run.
Statistical analysis.
The results are expressed as arithmetic mean ± SEM (the standard error of the mean). To compare the statistical meaning between the groups, two-sided unpaired Student's t-tests were used. All experiments were repeated 3 times and the representative data are shown. Statistical analyses were performed using SPSS software (version 19.0; SPSS, Inc., Chicago, IL, USA). Mean differences with P-values <0.05 were considered to be statistically significant.
Results

Transfection of MUC4-siRNA into SKOV3 cells decreases
Her2 stability via a proteosomal pathway. According to Moorthy et al, Her2 protein stability can be maintained by MUC4 in ovarian cancer cells (19) . We examined Her2 stability in SKOV3 cells transfected with control-siRNA or siRNA against MUC4 with cycloheximide, an inhibitor of protein translation. As shown in Fig. 1 , the Her2 protein had decreased stability since it disappeared earlier when transfected with siRNA against MUC4 and cycloheximide as compared to the control-siRNA and cycloheximide. To determine whether Her2 degradation upon attenuation of MUC4 by siRNA transfection was proteosome-mediated, we adopted MG-132, a type of proteasome inhibitor. While the expression level of Her2 was decreased at 0.5 h in SKOV3 cells transfected with MUC4-siRNA, the expression level of Her2 was not decreased at over 4 h in SKOV3 cells transfected with control-siRNA and MG-132 ( Fig. 1) suggesting that degradation of Her2 by the transfection of MUC4-siRNA is proteasome-dependent.
Transfection of MUC4-siRNA or auranofin treatment into SKOV3 cells downregulates Her2 leading to decreased phospho-Akt.
Since Akt is a well-known downstream target 5 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the control or MUC4-siRNA was transfected. Then, the cells were treated with DMSO (control vehicle), cycloheximide (CHX; 20 µg/ml), or MG-132 (20 µM) for the indicated times. Cell lysates were immune-blotted with anti-Her2 antibodies. β-actin was used as the loading control.
of Her2, we investigated whether the expression level of phospho-Akt was regulated by transfection of MUC4-siRNA in SKOV3 cells by carrying out western blot analysis. As shown in Fig. 2A , MUC4-siRNA transfection in SKOV3 cells decreased the expression level of phospho-Akt, but did not affect the expression level of total Akt. Recently, we reported that auranofin has anticancer activity via activation of FOXO3 in SKOV3 cells. In a previous study, we demonstrated that auranofin inhibited IKKβ leading to the promotion of FOXO3 translocation from the cytoplasm into the nucleus. Wenhui et al reported that IKKβ could be regulated by the PI3K/Akt/GSK3β pathway in colonic smooth muscle (22) . Thus, we addressed whether auranofin treatment in SKOV3 cells affected MUC4, phospho-Akt and Akt expression levels. As shown in 5 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the control or MUC4-siRNA was transfected. The cell lysates were immune-blotted using the cytosol/nuclear fractional buffer with anti-Her2 and anti-FOXO3 antibodies. β-actin was used as the cytoplasmic fraction loading control. PARP1 was used as the nuclear fraction loading control. (B) The expression level of nuclear FOXO3 was increased in ovarian and breast cancer cell lines with a low Her2 expression level. MDA-MB-231, MDA-MB-361, OVCAR5 and SKOV3 cells (1x10 6 ) were seeded in 10-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the cell lysates were immune-blotted using the cytosol/nuclear fractional buffer with anti-Her2 and anti-FOXO3 antibodies. β-actin was used as the cytoplasmic fraction loading control. PARP1 was used as the nuclear fraction loading control. 5 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the cells were treated with auranofin (0, 25, 50 or 100 nM). The cell lysates were immune-blotted with anti-MUC4, anti-Her3, anti-Her2, anti-phospho-Akt, and anti-Akt antibodies. β-actin was used as the loading control.
FOXO3 in both the cytoplasm and the nucleus of SKOV3 cells transfected with the control or MUC4-siRNA. As shown in Fig. 3A , the expression level of Her2 of the cytoplasmic fraction in SKOV3 cells transfected with MUC4-siRNA was downregulated compared to the control-siRNA. However, under the same conditions, the expression level of FOXO3 of the nuclear fraction (the active FOXO3) was upregulated. Then, in order to confirm the expression patterns of cytoplasmic Her2 and nuclear FOXO3 expression levels, we examined the cytoplasmic Her2 expression and the nuclear FOXO3 in the other cell lines with Her2 high (MDA-MB-361 and SKOV3) and low expression (MDA-MB-231 and OVCAR5) levels. As shown in Fig. 3B , in MDA-MB-361 and SKOV3 cells the cytoplasmic the expression level of Her2 was markedly increased while in MDA-MB-231 and OVCAR5 cells the nuclear FOXO3 expression was upregulated, which was consistent with the results of Fig. 3A . Thus, it appears that Her2 may be the common molecular target protein by siRNA transfection against MUC4 and auranofin treatment in SKOV3 cells that activates FOXO3. Therefore, we next assessed whether combination of MUC4 by siRNA transfection with auranofin treatment in SKOV3 cells synergistically promoted FOXO3 translocation from the cytoplasm to the nucleus. As shown in Fig. 4 , Her2 and phospho-Akt expression levels were significantly decreased in total cell lysates from SKOV3 cells transfected with MUC4-siRNA followed by auranofin treatment. Furthermore, the phospho-FOXO3 by Akt was downregulated under the same conditions compared to the other conditions, too. However, we could not detect any difference in the expression level of FOXO3 under any conditions. Thus, we adopted nuclear fractional western blot analysis to assess the expression level of FOXO3 in SKOV3 cells. As shown in Fig. 4 . the expression level of FOXO3 was decreased in the cytoplasmic fraction from SKOV3 cells transfected with MUC4-siRNA followed by auranofin treatment but increased in the nuclear fraction, which implied that FOXO3 was translocated from the cytoplasm into the nucleus through the combination of MUC4 by siRNA transfection and auranofin treatment. These results revealed that attenuation of MUC4 by siRNA transfection combined with auranofin treatment in SKOV3 cells synergistically activated FOXO3 translocation from the cytoplasm to the nucleus through the regulation of the Her2/Akt/FOXO3 pathway.
Attenuation of MUC4 potentiates the anticancer activity of auranofin in SKOV3 cells. Then, we examined whether the anticancer activity of auranofin was potentiated in SKOV3 cells after attenuating MUC4 by siRNA transfection. We transfected SKOV3 cells with control or MUC4-siRNA and treated cells with auranofin (0 or 25 nM), and then assessed the survival and growth rate of SKOV3 cells using the WST-1, cell counting, and colony formation assays. As shown in Fig. 5A , although the sole treatment of auranofin (25 nM) had a weak inhibitory effect (~20% compared to the DMSO control) on SKOV3 cell survival, the combination of MUC4-siRNA transfection with auranofin treatment significantly enhanced the antitumor activity of auranofin. In addition, the time-dependent cell counting assay results demonstrated the synergistic potentiation of the anticancer activity of auranofin (Fig. 5B) , which was confirmed by colony formation assay using the same transfection and treatment conditions in SKOV3 cells (Fig. 5C) . After 72 h of incubation, the number of cells in SKOV3 cells transfected with MUC4-siRNA followed by auranofin treatment (25 nM) was significantly lower (~3 times) than that of sole MUC4-siRNA or auranofin treatment. Furthermore, the 14-day results from the colony formation assay revealed that combination of MUC4 by siRNA transfection and auranofin treatment significantly inhibited the colony-forming ability of SKOV3 cells. These results demonstrated that attenuation of MUC4 by siRNA transfection potentiated the antitumor activity of auranofin on cell survival and proliferation of SKOV3 cells.
Attenuation of MUC4 potentiates the pro-apoptotic activity of auranofin in SKOV3 cells.
To examine whether the pro-apoptotic activity of auranofin was potentiated in SKOV3 cells after attenuation of MUC4 using MUC4-siRNA transfection or not, we performed a TUNEL assay, Annexin V staining analysis, and western blot analysis. As shown in Fig. 6A , sole auranofin treatment (25 nM for 2 h) did not induce the apoptotic nuclei but auranofin treatment after MUC4-siRNA transfection resulted in the increased apoptotic DNA degradation in SKOV3 cells, which was confirmed by Annexin V staining analysis (Fig. 6B) . Auranofin treatment after MUC4-siRNA transfection induced significant Annexin V-positive cell populations (15.26% of apoptotic and dead cells and 6.53% of apoptotic cells) compared to the sole treatment (5.64% of apoptotic and dead cells and 1.69% of apoptotic cells) in SKOV3 cells. In addition, auranofin treatment after MUC4-siRNA transfection induced the cleavage Figure 4 . Combination of MUC4 by siRNA transfection with auranofin treatment in SKOV3 cell promotes FOXO3 translocation from the cytoplasm to the nucleus through regulation of the Her2/Akt/FOXO3 pathway. SKOV3 cells (1x10 5 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each dish for 24 h. The cell lysates were immune-blotted with anti-MUC4, anti-Her2, anti-phospho-FOXO3, anti-FOXO3, anti-phosphoAkt and anti-Akt antibodies. β-actin was used as the loading control. In addition, the same cell lysates were immune-blotted using the cytosol/ nuclear fractional buffer with anti-FOXO3 antibodies. β-actin was used as the cytoplasmic fraction loading control. LaminA/C was used as the nuclear fraction loading control. ) were seeded in a 96-well plate and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each well for 48 h. The cell viability was determined by the WST-1 assay and the relative cell survival rate percentage was calculated by dividing the optical density of each auranofin treatment by the optical density of the control (DMSO) treatment. 5 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each dish for 2 h. Then, the cells were fixed on the slides to determine the apoptosis by TUNEL assay. Nuclei were stained with DAPI (color-inverted to blue) and yellow cells were considered as apoptotic cells. Scale bar, 50 µm. (B) Annexin V staining assay. Under the same conditions as the TUNEL assay, SKOV3 cell were harvested, and subjected to Annexin V and propidium iodide staining to determine apoptosis. The representative images of the 3 assays are shown.
of PARP1 and caspase-3 and upregulated the expression of Bax and Bim EL in SKOV3 cells compared to the sole treatment, whereas auranofin treatment after MUC4-siRNA transfection decreased the Bcl2 expression level under the same conditions (Fig. 7) . These results revealed that combination of MUC4 by siRNA transfection with auranofin treatment may exhibit its apoptotic effect through the caspase-3-mediated apoptosis mechanism in SKOV3 cells, the upregulation of the mitochondrial pro-apoptotic Bax and Bim proteins, and the downregulation of the anti-apoptotic Bcl2 protein expression.
Discussion
Ovarian cancer is one of the major causes of gynecological cancer-related deaths each year in the US. Although ovarian cancer after initial cytoreductive surgery has been generally shown to have a favorable response to combination chemotherapy (first line), advanced ovarian cancer is responsible for the worse prognosis of patients, due to acquired chemotherapy resistance (24, 25) . While chemotherapies for ovarian cancer are currently being developed, the overall survival has not considerately increased since a significant number of these patients develop a resistance to the therapies and the majority of cancers susceptible to treatments in the beginning, become refractory (26) . Therefore, a new targeted therapy needs to be developed for ovarian cancer resistance to chemotherapy.
MUC4 is a type of mucin glycoproteins and known as an activator of Her2 by inducing the dimerization of Her2 with other ErbB receptors (27, 28) . There are lots of studies that have identified the existence of the MUC4/Her2 complex in various tumors and cancer cell lines (29, 30) . In addition, research has demonstrated that downregulation of MUC4 destabilizes HER2 expression (19, 29) . Similar to previous findings, the present study also revealed that silencing of MUC4 by siRNA transfection into SKOV3 cells decreases Her2 stability via a proteosomal pathway (Fig. 1) . Notably, auranofin treatment in SKOV3 cells downregulated Her2 expression (Fig. 2B) . Thus, both MUC4-siRNA transfection and auranofin treatment in SKOV3 cells regulate Her2.
Since Her2 is known to activate many downstream signaling targets including Akt (31), we investigated the effect of MUC4 knockdown by siRNA transfection in SKOV3 cells on Akt phosphorylation. As shown in Fig. 2B , we observed decreased Akt phosphorylation in MUC4 knockdown cells compared to control-siRNA transfected cells. Consistent with our present study, Kaur et al recently revealed that MUC4 was involved in the regulation of lipocalin2 through the Her2/Akt/NF-κB signaling pathway in pancreatic cancer cells (6) . Furthermore, auranofin treatment in SKOV3 cells induced decreased Akt phosphorylation. Therefore, we reasoned that the anticancer activity of auranofin may be enhanced by attenuating MUC4 expression through the regulation of the Her2/Akt pathway.
FOXO3 belongs to the human Forkhead-box (FOX) gene family which is characterized by a distinct Fork head DNA-binding domain (32) . FOXO3 transcription factors exert functions in various processes including cellular differentiation, proliferation, cell cycle arrest, cell death, resistance to environmental stress and metabolism (33, 34) . A great number of clinical studies have recently shown that the protein expression level of FOXO3 has far-reaching effects on cancer patient survival rates (35, 36) . These observations revealed that FOXO3 could function as a prognostic marker in cancer, thereby FOXO3 regulation could be an anticancer therapeutic strategy. FOXO3 is known to be inactivated via a ubiquitin/proteasome system-mediated protein degradation after translocation from the nucleus into the cytoplasm. To date, 3 representative kinases such as Akt, Erk and IKKβ have been identified to induce this translocation of FOXO3 by phosphorylation (23) .
Although we confirmed that the Her2 and phospho-Akt expression levels were significantly decreased in total cell lysates of SKOV3 cells transfected with MUC4-siRNA followed by auranofin treatment (Fig. 4) , we could not detect any difference in the expression level of FOXO3. FOXO3 is a transcriptional factor and should be located in the nucleus to perform its transcriptional activity. Thus, researchers often try to perform the nuclear fractional western blotting Figure 7 . Combination of MUC4 by siRNA transfection with auranofin treatment potentiates the expression of apoptosis-related proteins in SKOV3 cells. SKOV3 cells (1x10 5 ) were seeded in 6-cm dishes and incubated at 37̊C in a humidified incubator containing 5% CO 2 in air for 18 h. After incubation, the control or MUC4-siRNA was transfected followed by the addition of auranofin (0 or 25 nM) into each dish for 48 h. The cell lysates were immuneblotted with anti-PARP1, anti-caspase-3, anti-Bim, anti-Bax and anti-Bcl2 antibodies. β-actin was used as the loading control. by separating the cytoplasmic and nuclear protein fraction from cells to investigate the expression pattern of the specific transcriptional factor. Based on our recent studies on the activators for the FOXO3 transcriptional activity (21,37), we adopted the nuclear fractional western blot analysis to assess the expression level of FOXO3 in SKOV3 cells transfected with MUC4-siRNA and auranofin treatment (Fig. 4 ) and observed that the expression level of FOXO3 was increased in the nucleus fraction implying the translocation of FOXO3 from the cytoplasm into the nucleus.
Recently, we reported that auranofin, a gold-combined drug used for rheumatoid arthritis in clinical treatment, has the anticancer activity in SKOV3 cells via regulation of the IKKβ/FOXO3 pathway (21) . Including our previous studies, there have been many studies dealing with the anticancer activity of auranofin in various types of tumors (38) (39) (40) . According to Li et al, auranofin exerted anticancer activity through the inhibition of the PI3K/AKT/mTOR signaling pathway in non-small cell lung cancer cells (41) . Similarly, we observed auranofin-mediated downregulation of the phospho-Akt level in SKOV3 cells (Fig. 2B) . Meanwhile, Tanaka et al investigated the cross-talk between IKKβ/NF-κB and PDK1/Akt pathways and demonstrated that PDK1 activated NF-κB signaling through IKKβ phosphorylation (42) . PDK1 is known to activate (phosphorylate) Akt directly after being activated (phosphorylated) by PI3K. Thus, we surmised that there are two signaling pathways (Her2/ PI3K/PDK1/Akt or Her2/PI3K/PDK1/IKKβ axis) downstream of Her2. Currently, we are trying to examine whether auranofin treatment or MUC4 expression status in cancer cells affects PDK1 activation.
In order to develop a novel therapeutic strategy, we investigated the combinational effect of the attenuation of MUC4 by siRNA transfection and auranofin treatment in ovarian cancer cells. As shown in Fig. 5A and B, neither silencing of MUC4 by siRNA or auranofin treatment (25 nM) suppressed the growth or viability of SKOV3 cells compared to the control siRNA or DMSO control. Colony formation assay results revealed that either silencing of MUC4 by siRNA or auranofin treatment (25 nM) apparently decreased the colony formation ability of SKOV3 cells. We demonstrated that the synergistic anticancer activity of the combination was due to the downregulation of Her2 expression and phosphorylated Akt, which translocated FOXO3 from the cytosol into the nucleus and activated the transcriptional activity of FOXO3, inducing caspase-3-mediated apoptosis as well as Bim EL expression (Figs. 6 and 7) . Recently, Lee et al revealed that treatment of entinostat, a class I histone deacetylase inhibitor, increased the anticancer activity of lapatinib, a Her2/EGFR dual tyrosine kinase inhibitor, in HER2-overexpressing breast cancer cells via FOXO3-mediated Bim expression (43) . To the best of our knowledge, as described in Fig. 8 , this is the first study demonstrating that the MUC4/Her2/Akt/FOXO3 signaling pathway is involved in regulating ovarian cancer cell development. Further studies analyzing tissue-micro array (TMA) from patients with ovarian cancer may be necessary to compare our current results to the clinical TMA data, which may provide the molecular basis of a novel anticancer therapeutic strategy. Collectively, auranofin regulated the Her2/Akt/FOXO3 signaling pathway in SKOV3 cells and may be used as a potential antitumor agent considering the expression of MUC4 in ovarian cancer patients.
